Activation of the farnesoid X receptor (FXR) has indicated a therapeutic potential for this nuclear bile acid receptor in the prevention of diabetic nephropathy and obesity-induced renal damage. Here, we investigated the protective role of FXR against kidney damage induced by obesity in mice that had undergone uninephrectomy, a model resembling the clinical situation of kidney donation by obese individuals. Mice fed a high-fat diet developed the core features of metabolic syndrome, with subsequent renal lipid accumulation and renal injury, including glomerulosclerosis, interstitial fibrosis, and albuminuria. The effects were accentuated by uninephrectomy. In human renal biopsies, staining of 4-hydroxynonenal (4-HNE), glucose-regulated protein 78 (Grp78), and C/EBP-homologous protein, markers of endoplasmic reticulum stress, was more prominent in the proximal tubules of 15 obese patients compared with 16 non-obese patients. In mice treated with the FXR agonist obeticholic acid, renal injury, renal lipid accumulation, apoptosis, and changes in lipid peroxidation were attenuated. Moreover, disturbed mitochondrial function was ameliorated and the mitochondrial respiratory chain recovered following obeticholic acid treatment. Culturing renal proximal tubular cells with free fatty acid and FXR agonists showed that FXR activation protected cells from free fatty acid-induced oxidative stress and endoplasmic reticulum stress, as denoted by a reduction in the level of reactive oxygen species staining and Grp78 immunostaining, respectively. Several genes involved in glutathione metabolism were induced by FXR activation in the remnant kidney, which was consistent with a decreased glutathione disulfide/glutathione ratio. In summary, FXR activation maintains endogenous glutathione homeostasis and protects the kidney in uninephrectomized mice from obesity-induced injury.
Obesity is an independent risk factor for a rapid decline in renal function in patients with glomerular disease and chronic kidney disease (1) (2) (3) . Several pathophysiological mechanisms underlie the development of renal injury in obesity (4, 5) .
Among them, renal lipid accumulation and lipotoxicity reportedly play important roles in the pathogenesis of renal injury, although the precise mechanisms have not yet been fully elucidated (6 -8) .
Lipotoxicity occurs when excess free fatty acid (FFA) 2 accumulates in non-adipose tissues or cells, such as hepatocytes, pancreatic cells, and renal epithelial cells, thereby contributing to the pathogenesis of obesity, diabetes, and related metabolic disorders (9 -11) . FFA at levels exceeding the renal capacity for oxidation induces reactive oxygen species (ROS), oxidative stress, and ER stress, all of which play crucial roles in mediating renal injury (12) (13) (14) . ROS are highly reactive molecules that oxidize lipids and proteins, cause cellular injury, and promote glomerular and renal tubular injury and associated proteinuria (15, 16) . Thus, modulation of ROS can be beneficial in ameliorating FFA-induced kidney damage (17, 18) .
The farnesoid X receptor (FXR) is a nuclear bile acid receptor that plays crucial roles in bile acid, cholesterol, lipid, and glucose metabolism in the liver and intestine. In the liver, FXR activation exerts antifibrotic effects by several mechanisms, including increased apoptosis of hepatic stellate cells (19) . FXR activation is also associated with antioxidative effects. Mice fed a high-fat diet (HFD) develop proteinuria and renal lipid accumulation, exhibit increased oxidative stress, and express profibrotic growth factors. Treatment of these mice with the selective and potent FXR agonists obeticholic acid (OCA) and GW4064 decreased triglyceride accumulation by modulating fatty acid synthesis and oxidation, reduced renal injury, and modulated inflammation, oxidative stress, and fibrosis (20 -22) . However, the mechanisms by which FXR activation reduces oxidative stress are not well understood.
The purpose of this study was to investigate the roles of FXR activation in regulating renal lipid oxidation and in preventing renal injury. We had shown previously that uninephrectomy (UNX) augments the effects of HFD-induced obesity on mouse kidney (23) . Consequently, we first examined whether the mechanisms of HFD-induced renal damage, in particular the mechanisms of lipid peroxidation and subsequent oxidative stress, are affected by reduced renal mass. Furthermore, we studied how FXR activation regulates renal lipid * This study was supported by Grant 320030-144193 from the Swiss National metabolism and protects against renal injury by treating mice with OCA, an FXR agonist found previously to be protective against HFD-induced renal injury (21) . From a clinical perspective, the increasing prevalence of obesity among kidney donors could impose a risk on the integrity of the remaining kidney (24) . The prospect of protecting kidney function in obese kidney donors by pharmacological activation of FXR opens up new therapeutic options for this expanding patient population.
Experimental Procedures
Animal Procedures-Female C57/BJ mice aged 6 weeks were randomly assigned to UNX or sham procedures and were fed with a HFD (D12331, Provimi Kliba, Switzerland) or a chow diet (D12329, Provimi Kliba). For UNX, mice were initially anesthetized with 3-5% isoflurane, intubated orally, and ventilated mechanically. Anesthesia was maintained with 1.5-2% isoflurane delivered in oxygen. The left kidney was surgically removed via a left paramedian incision on the back. The adrenal gland was carefully freed from the upper pole of the renal capsule before the renal pedicle was ligated and the kidney removed. For sham surgery, the same procedure was followed, except that the kidney was manipulated without ablation. After surgery, mice were fed a chow diet for 1 week until recovery, and then the diet intervention started with a chow diet or HFD. After 8 weeks of a HFD, half of the obese mice were given OCA (25 mg/kg mixed into the diet, Intercept Pharmaceuticals) to activate FXR (22) . Finally, mice were divided into six groups of six animals: sham-chow, UNX-chow, sham-HFD, UNX-HFD, sham-HFD-OCA, and UNX-HFD-OCA. All mice were killed under anesthesia 17 weeks after surgery, and their kidneys were harvested. Half of the kidney from each animal was snap-frozen in liquid nitrogen and stored at Ϫ80°C for RNA and protein extraction. The other half was fixed with formalin for histological examination.
Measurement of Plasma and Urine Samples-For 24-h urine collection, individual mice were placed in metabolic cages with access to diet. Urinary albumin and creatinine concentrations were measured with the albumin mouse ELISA kit (ab108792, Abcam, Cambridge, UK) and creatinine assay kit (ab65340, Abcam). Urinary H 2 O 2 levels were measured using the Amplex Red H 2 O 2 assay kit (A12214, Invitrogen). Plasma samples were obtained from the tail blood of fasted mice. Plasma cholesterol and triglyceride levels were measured using the Amplex Red cholesterol assay kit (A12216, Invitrogen) and the triglyceride assay kit (ETGA-200, EnzyChrom, Aachen, Germany), respectively.
Assessment of Renal Pathology and Immunostaining-Kidneys were fixed overnight in 10% neutral buffer formalin and embedded in paraffin. Tissue sections were cut at 3 m and stained with hematoxylin and eosin, periodic acid-Schiff (PAS), and Masson's trichrome stain using standard protocols. The mesangial area was determined from the PAS-stained sections, and the fibrotic area was assessed from the trichrome stained sections. Briefly, digital images of random high-power fields were analyzed by a blind observer. The cross-sectional areas of the glomeruli and the area of fibrosis were determined using Adobe Photoshop. Six mice were analyzed per group. Immunostaining was performed on paraffin sections using a microwave-based antigen retrieval technique. The antibodies used in this study included Grp78 (ab21685, Abcam), CHOP (ab59396, Abcam), LC3b (ab48394, Abcam), 4-HNE (ab46545, Abcam), Cyp4a (sc-98988) and succinate dehydrogenase, subunit A (SDHA, catalog No. 11998, Cell Signaling Technology). Sections were treated with the EnVision ϩ diaminobenzidine kit (DAB, Dako, Glostrup, Denmark) according to the manufacturer's instruction. TUNEL staining on kidney paraffin sections was performed according to manufacturer's instructions (Apo-pTag, Millipore, Billerica, MA). Quantitative analyses of sections immunostained for 4-HNE, SDHA, and LC3b were done as described previously (25) .
Isolation of Primary Proximal Tubule Cells-Primary proximal tubule cells were isolated from kidneys of C57/BJ mice as described previously (25) . Briefly, kidney cortices were dissected, sliced, minced, and digested in 0.25% trypsin solution (Life Technologies BRL) in a shaking incubator at 37°C for 1 h. Trypsin was neutralized with growth medium (DMEM and 10% FBS containing 100 units/ml penicillin and 0.1 mg/ml streptomycin). The suspension was pipetted and then passed through a 100-m cell strainer (BD Biosciences). The samples were centrifuged (72.4 ϫ g for 5 min) to pellet the tubules, washed with 10 ml of medium, centrifuged, and washed twice more. The final pellet, consisting mostly of renal tubules, was resuspended in culture medium (renal epithelial basal medium (REBM), BulletKit, Clonetics), plated onto culture dishes (Nalge Nunc International, Naperville, IL), and incubated at 37°C in a carbon dioxide incubator with medium changed every 2 days until the cells were confluent. Experiments were carried out in serum-free DMEM. After 12 h under starvation conditions in 0.2% FBS/DMEM, cells were incubated by the addition of 100 M chenodeoxycholic acid (Sigma-Aldrich), 1 M GW4064 (Sigma-Aldrich), or 1 M OCA overnight. Of the several types of FFAs, only palmitate acid reportedly showed cytotoxic effects in cultured proximal tubular cells (26, 27) . Consequently, we assessed the effects of palmitate acid-bound BSA on oxidative stress and ER stress in primary cultured cells. Cells were starved by incubation in 0.2% FBS/DMEM for 12 h followed by overnight stimulation with 150 M palmitate acid bound to 8% BSA. Where indicated, cells were pretreated with OCA (1 M) 1 h before treatment with palmitate acid. Lipidcontaining medium was prepared by the conjugation of FFA with FFA-free BSA. Briefly, sodium palmitate was dissolved in 50% ethanol and mixed vigorously with FFA-free BSA in PBS. FFA-free BSA was used as the control.
Cell Staining-After treatment, cells were washed with cold PBS, fixed in 4% paraformaldehyde, and treated with 0.1% Triton X-100 in PBS for 15 min and with 0.1% Tween 20 in 1% BSA/PBS for 30 min. Then, the cells were incubated with primary antibody at 4°C overnight. The cells were washed and incubated with secondary antibody for 1 h in the dark. After being washed, the cells were stained with ActinRed (R37112, Life Technologies) or ActinGreen (R37110, Life Technologies) probes at room temperature for 30 min and then washed three times. Next, the cells were mounted with DAPI (Vector Laboratories) and visualized under a fluorescent microscope (Leica DMI6000B). Antibodies against Grp78 were purchased from Abcam. For intracellular ROS detection (Cell-ROX deep red, Life Technologies), glutathione detection (ThiolTracker Violet, T10095, Life Technologies), and TUNEL staining (ApopTag, Millipore), cells were processed according to the manufacturer's methods.
Lipid Staining-To examine the accumulation of lipids, frozen kidney sections and primary cultured proximal tubular cells were stained with BODIPY 493/503 (D-3922, Invitrogen). Briefly, for frozen kidney, slides were washed twice with PBS, and for cells, chamber slides with proximal tubule cells were fixed in 4% paraformaldehyde and washed twice with PBS. Slides were then incubated with 1 g/ml BODIPY 493/503 in 150 mM NaCl for 20 min at room temperature. After incubation, slides were washed twice with PBS, mounted with DAPI, and visualized under a fluorescent microscope (Leica DMI6000B).
Mitochondrial ToxGlo Assay-The mitochondrial Tox-Glo TM assay was performed according to the manufacturer's protocol (Promega). The assay is based on the sequential measurement of biomarkers associated with changes in cell membrane integrity and cellular ATP levels. Briefly, cells were seeded at 200,000 cells/ml in 96-well plates with serum-free medium. Cells were treated with 150 M palmitate acid treatment with or without OCA (1 M) for up to 16 h. First, cell membrane integrity was assessed by measuring fluorescence (485 nm ex /520 -530 nm em ) after a 30-min incubation with a bis-AAF-R110 peptide substrate designed to monitor the presence or absence of a distinct protease activity associated with necrosis. The bis-AAF-R110 peptide substrate is impermeable for intact cell membranes, and no signal is detected with viable cells. Protease activity can be detected only when cells have a compromised membrane. Next, cellular ATP was measured by adding an ATP detection reagent resulting in cell lysis and generation of a luminescent signal proportional to the amount of ATP present. The ATP detection reagent contains luciferin and Ultra-Glo TM luciferase and when added to cells reports on the ATP content. ATP is the limiting reagent in the assay.
Isolation of Kidney and Cell RNA and Quantification of Transcript Levels-Total RNA was prepared using Trizol (Invitrogen). The amount of mRNA was determined from the absorbance at 260 nm. After DNase treatment (Promega), 2 g of total RNA was reverse-transcribed using oligo(dT) priming and Superscript II (Invitrogen). First-strand complementary DNA was used as the template for real-time polymerase chain reaction analysis with TaqMan master mix and primers (Applied Biosystems). Transcript levels, determined in two independent complementary DNA preparations, were calculated and expressed relative to villin as the housekeeping gene.
Microarray and Gene Expression Analysis-RNA was extracted from primary cultured mouse proximal tubule cells using an RNeasy microarray tissue mini kit (73304, Qiagen) followed by on-column DNase digestion to remove any contaminating genomic DNA. RNA samples from four dishes/ group were subjected to microarray analysis. Briefly, 100 ng of total RNA was reverse-transcribed into double-stranded cDNA, which was linearly amplified and labeled with Cy3 dye. Following quantification using a NanoDrop spectrophotometer (Witec, Luzern, Switzerland) and quality assessment with an Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA), 1.6 g of the obtained Cy3-labeled cRNA was hybridized to mouse GE 4ϫ44K v2 microarrays (Agilent) according to the manufacturer's protocol. Arrays were scanned with an Agilent G2565CA microarray scanner system (Agilent raw intensity data were obtained using Agilent's Feature Extraction software, version 10.7, for array image analysis and the calculation of spot intensities). Data analysis was carried out with R/Bioconductor. The processed intensities were normalized across samples and loaded by using quantile normalization. All microarray data were submitted to the Gene Expression Omnibus (accession number GSE70296). Differential expression was computed using the Limma package. Gene ontology analysis, network analysis, and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the microarray data were completed using the MetaCore online service (Thomson Reuters) and DAVID Bioinformatics Resources (NIAID, National Institutes of Health).
Western Blotting-Lysates (20 g of protein) from kidney tissue or cells were separated by SDS-PAGE and blotted on polyvinylidene difluoride membranes (Millipore). The membranes were blocked with TBS containing 0.1% Tween 20 and 3% BSA for 1 h at room temperature and incubated overnight at 4°C with the respective antibodies. Subsequently, the blots were washed with TBS containing 0.1% Tween 20, treated with horseradish peroxidase-conjugated secondary antibodies at room temperature for 1 h, and developed using the ECL Plus detection system (Amersham Biosciences). The antibody against villin was from Chemicon (MAB1639a); anti-Osta (sc-100078) and anti-Shp (sc-30169) were from Santa Cruz Biotechnology (Dallas, TX), anti-caspase 3 (catalog No. 9661) from Cell Signaling (Danvers, MA), and anti-p62 (ab91526) from Abcam.
Patients-Kidney samples were provided by Dr. Lei Chu from the Minimally Invasive Urology Center, Provincial Hospital affiliated to Shandong University. Thirty-one patients with minimal change disease (MCD), as diagnosed by ultrasonography-guided percutaneous biopsy of the kidney, in whom overt proteinuria was above 1.0 g/day, were included. The exclusion criteria were: (a) body mass index Ͼ 40 kg/m 2 ; (b) history of type 2 diabetes mellitus; (c) renal, cardiovascular (heart failure, previous myocardial infarction), liver, or thyroid diseases; and (d) use of drugs known to affect the parameters under investigation. Participants had stable body weight (weight change Ͻ 5 kg during the last 6 months). Demographic data on both groups, such as gender, age, weight, and height are given in Table 2 .
Statistics-Data are expressed as mean Ϯ S.E. For microarray data, a comparison was assessed by Student's t test with R/Bioconductor to generate differentially expressed genes (control versus GW4064). For other data relating to baseline characteristic analysis and histological analysis, comparisons between groups were assessed by one-way ANOVA followed by Bonferroni's test. Statistical analyses were performed using GraphPad software.
Study Approval-All animal experiments and protocols conformed to the Swiss animal protection laws and were approved by the Cantonal Veterinary Office in Zurich, Switzerland (study number 2012058). The human study was conducted according to the Declaration of Helsinki guidelines regarding ethical principles for medical research involving human subjects. All patients provided written informed consent, and the study protocol was approved by the Scientific Ethical Committee of Shandong University, Jinan, China, where patients were based (license number SDU2015033). (23), we investigated the effects of a HFD in both sham-operated and UNX mice. The FXR agonist OCA was added to the HFD to activate FXR. Six groups of mice (n ϭ 6) were investigated: sham-chow, UNX-chow, sham-HFD, UNX-HFD, sham-HFD-OCA, and UNX-HFD-OCA. OCA treatment was initiated after 8 weeks of HFD and was continued for another 8 weeks. As shown in Table 1 , HFD intervention in both sham and UNX mice resulted in increased body weight and hyperlipidemia. Changes in plasma triglyceride and FFA were attenuated in both sham and UNX obese mice treated with OCA. However, OCA treatment for 8 weeks in obese mice did not significantly reduce their body weight (Table 1) .
Results

Chronic FXR Activation by OCA Prevents Hyperlipidemia and Steatosis and Improves Renal Function-Because UNX augments the effects of obesity on renal gene expression
Because OCA treatment decreased plasma triglyceride and FFA levels in obese mice, the effect on liver steatosis was studied. HFD induced hepatic steatosis in obese mice as expected ( Fig. 1, B and E), but steatosis was decreased by OCA treatment (Fig. 1, C and F) . We also investigated whether FXR activation affected obesity-induced progressive kidney dysfunction. HFD induced a significant elevation of albuminuria and urinary H 2 O 2 excretion, but these markers were decreased by ϳ50% in OCA-treated mice (Fig. 2) .
FXR Activation by OCA Reduces Glomerulosclerosis and Tubulointerstitial Injury in Obese Mice-Both sham-HFD and UNX-HFD mice developed significant increases in PAS-positive hypertrophy of glomeruli, mesangial matrix, and tubulointerstitial fibrosis at week 16 (Fig. 3 , A and C). UNX-HFD mice had the highest levels of glomerulosclerosis and interstitial fibrosis ( Fig. 3 , Ae, and Ce). Obese mice from both sham and UNX groups treated with OCA showed notable improvements, with reduced tubulointerstitial fibrosis and less mesangial matrix ( Fig. 3 , A, c and f, and C, c and f). Quantitative analyses with scores for glomerulosclerosis and interstitial fibrosis indicated that the reduction in glomerular damage and tubulointerstitial fibrosis was significant in both the sham-HFD-OCA and UNX-HFD-OCA groups compared with the HFD groups (Fig. 3, B and D) .
Improved Renal Function Is Associated with Reduced Lipid Accumulation and Reduced ROS-We next analyzed lipid accumulation and oxidation in the kidney because these are considered major causes of obesity-induced renal damage (28) . BODIPY 493/593 was used to stain neutral lipids. Both shamoperated and UNX obese mice possessed significantly increased numbers of lipid droplets in kidney compared with chow-fed mice (Fig. 4A, b and e ). UNX-HFD mice had higher levels of positive lipid staining than sham-HFD mice. OCA treatment decreased lipid accumulation in the kidney (Fig. 4 , A, c and f, and B), consistent with decreased plasma triglyceride and FFA levels (Table 1) . Thus, the reduction in kidney injury and lipid accumulation observed in OCA-treated mice (Figs. 3 and 4A) matched the improvement in kidney function (Fig. 2) , indicating a correlation between improved renal function and reduced lipid accumulation. Although the initial events involved in lipid-mediated renal damage are unclear, lipid oxidation and subsequent oxidative stress play an important role (11) . Mice fed a HFD showed increased levels of 4-HNE (Fig.  4C, b and e) , an aldehydic product of lipid peroxidation and a biomarker for oxidative stress. UNX-HFD mice showed the highest level of oxidative stress (Fig. 4Ce) , and the degree of positive staining for 4-HNE was reduced in OCA-treated obese mice (Fig. 4C, c and f) . Quantitative analysis of positive 4-HNE staining confirmed a 4-fold increase in 4-HNE staining in UNX-HFD compared with sham-chow mice, which was reduced ϳ50% by OCA treatment. Because FXR activation by OCA almost completely resolved obesity-induced kidney damage, we examined whether FXR activation affected expression of genes involved in fatty acid synthesis and oxidation. In line with previous studies (21, 29) , HFD showed a tendency to increase expression of Srebf1c and Srebf2, which regulate fatty acid synthesis and cholesterol synthesis separately. However, activation of FXR did not result in significant changes in either Srebf1c or Srebf2 (Fig. 4E) , indicat-ing that decreased renal lipid content in OCA-treated mice was not caused by modulation of fatty acid synthesis. However, we found that FXR activation increased renal expression of acyl-CoA oxidase 1 (Acox1), carnitine palmitoyltransferase 1a (Cpt1a), peroxisome proliferator-activated receptor ␣ (Ppara), and cytochrome P450 4a14 (Cyp4a14) mRNAs (Fig. 4E) , all of which are important for fatty acid oxidation and lipid catabolism. These findings were consistent with previous studies (21, 27) . Cyp4a14 is a downstream gene regulated by PPAR␣, and Cyp4a14 is a key enzyme involved in FFA -oxidation in the ER. Fig. 4D illustrates representative immunostaining of Cyp4a14 in kidney tissues from different groups. Cyp4a14 levels in proximal tubular epithelial cells were low in the chow-fed group. Expression in mice fed a HFD was greatly increased, and OCA treatment further induced the expression of Cyp4a14 (Fig. 4D , c and f), consistent with the observed increase in mRNA levels. Thus, treatment with OCA stimulates renal fatty acid oxidation and renal lipolysis, thereby resulting in reduced kidney lipid accumulation in obese mice.
Lipid oxidation, especially fatty acid oxidation, occurs mostly in mitochondria. To evaluate renal mitochondrial function, we measured the expression of succinate dehydrogenase, a key enzyme involved in the mitochondrial respiratory chain, in kidney sections (Fig. 5A ). By immunostaining for SDHA, both sham and UNX mice fed a HFD showed decreased levels of renal SDHA staining (Fig. 5A, b and e ). However, SDHA expression was partially recovered in OCA-treated mice on a HFD (Fig. 5, A, c and f, and C) , indicating that FXR activation improved mitochondrial function and induced the mitochondrial respiratory chain. Autophagosomes and autophagic flux normally regulate the mitochondrial life cycle, whereas disturbed autophagosome formation impedes the removal of damaged mitochondria, resulting in mitochondrial dysfunction (30) . Immunostaining of mouse kidney sections for Lc-3b, a marker for autophagy ( Fig. 5B) , showed that autophagosomes were localized mainly on the glomerular basement, where the podocytes reside ( Fig. 5B, a, inset) . Lower levels of Lc-3b staining were found as obesity-induced nephropathy progressed (Fig. 5B, b and e), confirming previous findings (31, 32) . However, FXR activation attenuated the decrease in the number of autophagosomes in both sham-operated and UNX obese mice ( Fig. 5, B, c and f, and D) . Immunoblotting results for p62, another autophagosome marker, confirmed that OCA treatment attenuated the decrease of autophagosomes in obese mice (Fig. 6D ). This finding indicates that FXR activation promotes intracellular organelle recovery mechanisms and probably helps to maintain the mitochondrial life cycle, consistent with the SDHA staining shown in Fig. 5A . Thus, FXR activation maintains effective mitochondrial FFA oxidation in kidney tissue of obese mice.
FXR Activation by OCA Contributes to Lower Levels of ER Stress and Reduced Apoptosis-Because obesity has been shown to cause ER stress in liver and adipose tissue (33), we studied the expression of ER stress proteins in kidney tissue. Staining for the ER markers Grp78 and CHOP (Fig. 6,  A and B) showed higher ER stress in both obese sham-operated and UNX mice. In contrast, limited ER stress was observed in the OCA-treated groups (Fig. 6, A, c and f, and B , c and f), indicating that FXR activation ameliorated HFDinduced ER stress. The increased expression of Grp78 at the protein level in UNX-HFD mice was also confirmed by immunoblotting ( Fig. 6D) .
To translate these findings into the clinical situation, we measured markers of lipid peroxidation and ER stress in renal biopsy specimens from 16 non-obese and 15 obese human subjects with minimal change disease (overt proteinuria Ͼ 1 g/day) in the kidney (patient data are shown in Table 2 ). The proximal tubules from non-obese patients showed little positive staining for 4-HNE, GRP78, or CHOP, whereas all three stained more prominently in kidney biopsies from obese patients (representative examples are shown in Fig. 7, B, D, and F). These findings support the concept that ER stress in kidney is important in the progression of obesity-induced kidney damage in human. Apoptosis is a common sequel of chronic ER stress, and accordingly, TUNEL staining showed increased apoptosis in the kidneys of obese mice, with the highest level in UNX-HFD mice (Fig. 6C, b and e) . FXR attenuated HFD-induced apoptosis in obese mice. The levels of caspase-3 were increased in the kidney of UNX-HFD mice and decreased in OCA-treated mice as shown in in immunoblots (Fig. 6D) . Taken together, the evidence indicates that FXR activation improved ER dynamics and protected kidney proximal tubular cells from ER stress-induced apoptosis.
FXR Activation Protects Kidney Proximal Tubular Cells by Inducing Glutathione Metabolism-To better assess the role of FXR in reducing oxidative stress and ER stress, we cultured primary proximal tubular cells from mouse kidney and exposed the cells to FFA and/or FXR agonists. OCA treatment successfully activated FXR, as demonstrated by increased expression of Shp, Osta, and Ostb (Fig. 8, A and B) , all of which are downstream genes directly regulated by FXR. Similar results were also obtained from proximal tubular cells treated with chenodeoxycholic acid and GW4064, other known FXR agonists, as positive controls (data not shown). As shown in Fig. 8D , exposure of cells to FFA resulted in lipid accumulation, oxidative stress, and ER stress as denoted by significantly higher levels of BODIPY staining, ROS staining, and Grp78 immunostaining, respectively (Fig. 8D, b, e, and h) . Grp78 protein levels were also increased in immunoblots (Fig. 8C) . It is noteworthy that the activation of FXR in proximal tubular cells resulted in significantly reduced lipid accumulation, oxidative stress, and ER stress in response to FFA (Fig. 8D, c, f, and i) . Moreover, apo-ptosis was blocked when cells were incubated with FFA and exposed to OCA, as indicated by TUNEL staining (Fig. 8Di) , consistent with membrane integrity analysis (Fig. 8F) .
The expression of genes involved in FFA synthesis and oxidation was also investigated in primary cultured proximal tubular cells exposed to FFA (Fig. 8E) . FXR activation by GW4064 or OCA increased expression of Ppara, Cpt1a, and Cyp4a14, consistent with the mRNA levels in kidney tissue of OCA-treated HFD mice (Fig. 4E ). Furthermore, mitochondrial function was assessed by mitochondrial ATP generation (Fig. 8F) . After a 16-h treatment with FFA, cells showed a decreased ATP content as a measure of mitochondrial function in these cells. However, cells co-treated with OCA and FFA showed a significant increase of ATP levels compared with the FFA treatment group. Taken together, these results indicate that FXR activation protects renal proximal tubular cells by reducing oxidative stress and ER stress, improving mitochondrial function, and stimulating fatty acid oxidation.
The apparently opposing effects of FXR in inducing fatty acid oxidation while at the same time reducing oxidative stress were further investigated by microarray analysis of renal proximal tubular cells exposed either to GW4064 or dimethyl sulfoxide (as a control). By using a 1.7-fold change as the cut-off point, expression of 357 genes was significantly increased by FXR activation, and expression of 193 genes was significantly decreased ( Fig. 9A and supplemental Table S1 ). Interestingly, a KEGG pathway analysis indicated that several pathways linked to fatty acid metabolism and oxidation reduction were induced by FXR activation (Fig. 9B and Table 3 ). Among these pathways, genes involved in glutathione metabolism were induced most prominently ( Fig. 9B ). Furthermore, by comparing publicly available chromatin immunoprecipitation-deep sequencing (ChIP-seq) data (34) with our microarray data, we found that many of the genes induced in mouse liver in vivo were also induced in mouse proximal tubular cells (e.g. genes involved in glutathione metabolism, fatty acid degradation, and oxidation reduction), indicating a universal role of FXR in reducing oxidative stress (a list of the common genes in both data sets is given in Table 4 ). To confirm this finding, we investigated glutathione metabolism and the expression of glutathione-metabolizing genes in proximal tubular cells treated with FXR agonists. Co-treatment of cells with FFA and FXR agonists resulted in significantly increased intracellular glutathione levels; induced mRNA expression of Gclm, Gpx1, and Gsr; and a decreased glutathione disulfide/glutathione (GSSG/GSH) ratio (Fig. 10, A and B) . Consequently, the mechanism by which FXR activation protects cells from ROS appears to be mediated by enhanced glutathione metabolism and maintenance of the GSSG/GSH ratio. Moreover, the expression levels of Gclm and Gsr in the kidney cortex of OCA-treated obese mice were also increased ( Fig.  10C ). Consistent with these results, we also found a decreased GSSG/GSH ratio in the kidney of OCA-treated obese mice (Fig.  10C ).
Discussion
The present study shows that FXR activation in the proximal tubules of obese mice protects the kidney from FFA-induced renal damage, consistent with previous data showing that FXR j, l, and m) . Color of staining corresponds to the label on the left side of each panel. Cells were counterstained with DAPI (blue) and/or ActinRed (red). n ϭ 4/group. E, quantification of mRNA levels of genes associated with fatty acid synthesis (Fasn and Srebf2) and oxidation (Acox1, Cpt1, Ppara, and Cyp4a14) from different treatment groups. Cont, control; GW, GW4064. n ϭ 4/group. Data are expressed as the mean Ϯ S.E. One-way ANOVA with Bonferroni's test. *, p Ͻ 0.05. F, quantitative analysis of membrane integrity (cytotoxicity) and ATP content from PTCs treated with vehicle (FFA-free BSA) and at 24 h after exposure to palmitate acid (150 M) with or without OCA (1 M) treatment. n ϭ 4/group. activation protects renal proximal tubules against obesity-induced kidney damage and diabetic nephropathy (21, 23, 35) . In the context of uninephrectomy, which accentuates the untoward effects of obesity on kidney function, the beneficial effects of the FXR agonist OCA are novel. Sham-operated obese mice developed modest renal injury, characterized by reduced renal function, mesangial expansion, tubular injury, interstitial fibrosis, oxidative stress, and ER stress. UNX-HFD mice had a higher degree of renal injury despite similar body weights. Both shamoperated and UNX obese mice treated with OCA were largely protected from renal disease and had preserved kidney function with a lower degree of albuminuria and fewer histological changes compared with obese mice not treated with OCA. FXR activation also inhibited lipid accumulation and FFA-induced apoptosis in the kidney. Furthermore, FXR activation suppressed FFA-induced oxidative stress by accelerating antioxidant glutathione metabolism and promoting FFA oxidation in tubular epithelial cells. Consistent with these mouse data, the immunostaining of human renal biopsy samples also showed higher levels of lipid peroxidation, oxidative stress, and ER stress in obese patients. Thus, FXR activation could represent a novel protective strategy against obesity-induced kidney disease, notably in the context of uninephrectomy.
In recent decades, the progression of obesity-induced kidney damage to chronic kidney disease has been a critical focus of research in nephrology. Several reports have suggested that renal lipid accumulation and lipotoxicity are associated with the development of renal injury (6, 7, 36) . We and others have previously reported that feeding a HFD to mice induces renal lipid accumulation and kidney injury (23, 28, 37) . In the present study, we found increased renal ROS levels and increased oxidative stress in the kidneys of obese mice. ROS are induced in obesity as a consequence of fatty acid oxidation, and higher FFA exposure increases fatty acid oxidation and ROS generation, placing a burden on mitochondria and the ER, where fatty acid oxidation takes place (38) . Failure to remove excessive ROS results in defective FFA oxidation, oxidative stress, and ER stress, as shown schematically in Fig. 11A . FXR activation can protect the kidney by reducing ROS levels and alleviating subsequent oxidative stress and ER stress. FXR activation accelerates glutathione metabolism, which in turn removes excessive ROS and promotes fatty acid oxidation, providing a plausible mechanism of action ( Fig. 11B) .
In this study, altered lipid metabolism was associated with defective mitochondrial function and fatty acid oxidation. In the kidney of obese mice, the levels of Acox1 and Cpt1a, markers of fatty acid oxidation, were not altered, in line with previous studies (39) . However, FXR activation induced Acox1 and Cpt1a expression in obese mice. Moreover, FXR activation induced mitochondrial function (as shown in Fig. 5A by SDHA staining, a marker of the mitochondrial respiratory chain) and promoted the mitochondrial life cycle (Fig. 5B , as shown by induction of the mitochondrial autophagy marker Lc-3b), indicating that defective fatty acid ␤-oxidation occurred in the mitochondria of obese mice. Recent studies in a diabetic mouse model and in human patients found defective fatty acid oxidation in renal tubular cells (40 -43) , consistent with our results. In contrast, we found increased levels of Cyp4a14, the enzyme responsible for fatty acid -oxidation in the ER, and a marked increase of ER stress in the proximal tubules of obese mice. This increased FFA -oxidation in the ER may explain the significant increase of H 2 O 2 levels detected in the urine of obese mice. Being the most important organelle involved in protein synthesis, folding, and maturation, the ER takes over fatty acid -oxidation when ␤-oxidation is defective in mitochondria (44, 45) . High glucose and FFA levels have been shown to induce ER stress in podocytes as well as in proximal tubule cells and to subsequently induce apoptosis (46, 47) . Indeed, ER stress can induce autophagy participating in the degradation of unfolded proteins and in the repair of damaged mitochondria (48) . Exposure to continuous higher levels of energy and nutrients may activate signals inhibiting autophagic and ER stress responses. Failure to complete autophagy creates a vicious cycle, resulting in apoptosis. Consequently, we believe that the ER plays a vital role in regulating proximal tubular function. However, studies on the effect of ER stress on kidney function in kidney disease are limited, and several aspects concerning the signaling path- ways that link fatty acid oxidation to ER stress are still unresolved.
There is growing evidence for the role of dysregulated lipid metabolism in the pathogenesis of renal disease. A hypernutrient state, as in a HFD model, causes a higher level of lipid oxidation, thereby suppressing intracellular nutrient-sensing signals (39, 43) and stress resistance mechanisms (49, 50) . Although FXR has been shown to exert a hepatoprotective effect against various hepatic stress conditions (51), few studies have assessed FXR activation in obesity-induced kidney damage. FXR activation has been reported to correct metabolic derangement and improve glucose tolerance and insulin sensitivity, all of which can protect the kidney from diabetic nephropathy (21, 35) . In our study, OCA-treated obese mice showed modest attenuation of HFD-induced hyperlipidemia and lipid accumulation. These changes may be explained partially by improved FFA metabolism, with chronic FXR activation inducing significant expression of genes involved in fatty acid ␤-oxidation (Acox1 and Cpt1a) and -oxidation (Ppara and Cyp4a14). Previous data have shown that diabetic FXR KO mice fed a regular chow diet exhibit increased proteinuria, mesangial expansion, and fibrosis (35) , suggesting that FXR is important in maintaining kidney function. By exposing primary cultured mouse kidney proximal tubular cells to FFA and/or FXR agonists (GW4064 and OCA), we found that FXR activation reduces ROS and subsequent oxidative stress and ER stress. This inhibitory effect of FXR on ROS was further investigated by microarray analysis, which showed that several key pathways involved in oxidation reduction were significantly induced by FXR activation, including genes associated with glutathione metabolism, arachidonic acid metabolism, fatty acid degradation, and biosynthesis of unsaturated fatty acids ( Fig. 9 ). Furthermore, by using publicly available ChIP-seq data (34), we found that activated FXR can bind directly to the intronic areas of Gpx2, Gclc, Gsta, and Gstm in mouse liver (Table 4) , indicating a universal role of FXR in regulating glutathione metabolism. Mammalian cells possess several protective mechanisms against damage caused by ROS, with GSH/GSSG homeostasis playing an important role (52) . Gclm, Gpx, and Gsr are the key enzymes involved in maintaining glutathione metabolism, which has antioxidant, antiapoptotic, and anti-inflammatory effects (52) . Defective fatty acid oxidation and glutathione depletion occur not only in the kidney but also in other tissues, indicating the central role of GSH homeostasis (38, 51) . In our study, FXR activation induced the expression of genes involved in GSH metabolism and GSH/GSSG homeostasis, thereby FIGURE 10 . FXR activation enhances glutathione metabolism. A, representative images of glutathione detected in PTCs from different treatment groups. Violet, glutathione; green, counterstaining for ActinGreen. B, quantification of GSSG and mRNA levels of genes associated with glutathione metabolism (Gclm, Gpx1, and Gsr) from PTCs undergoing different treatments. Cont, control; GW, GW4064; PA, palmitate acid. C, quantification of GSSG and mRNA levels of genes associated with glutathione metabolism (Gclm, Gpx1, and Gsr) in mouse kidney from different treatment groups. B and C, n ϭ 4/group. Data are expressed as mean Ϯ S.E. One-way ANOVA with Bonferroni's test. *, p Ͻ 0.05. FIGURE 11. Scheme showing how FXR activation promotes glutathione metabolism and reduces FFA-induced oxidative stress. FFA oxidation generates ROS, which are highly reactive molecules that oxidize lipids and proteins and cause cellular injury. ROS are scavenged effectively by the thioredoxin reductase/ thioredoxin/peroxiredoxin system. GSH serves as an electron donor to reduce ROS and forms GSSG, mediated by glutathione peroxidase (Gpx). At the same time, GSH can be regenerated from GSSG by glutathione reductase (Gsr), which keeps a balanced GSH homeostasis. A, FFA overload causes increased fatty acid oxidation and internal generation of excessive ROS. Higher ROS levels place a heavy burden on mitochondria and the ER, where fatty acid oxidation takes place, and disturbs mitochondrial function and the mitochondrial life cycle. Failure to remove excessive ROS results in defective fatty acid oxidation, oxidative stress, and ER stress. B, in proximal tubular cells, activation of FXR accelerates glutathione homeostasis by inducing GSH metabolic genes, thereby removing excessive ROS and reducing oxidative stress. This, in turn, promotes the mitochondrial life cycle, restores mitochondrial and ER function, and prevents cell apoptosis.
counteracting FFA-induced ROS (Fig. 10 ). Taken together, these findings indicate that FXR activation induces antioxidant genes and GSH/GSSG metabolism, both of which block FFAinduced oxidative stress and promote mitochondrial and ER function by removing toxic ROS.
Based on the histological changes in tubules and glomeruli and the higher levels of oxidative and ER stress observed in both obese mice and humans, therapeutic strategies that target ROS should delay or reverse kidney disease progression in obese patients with reduced renal mass (24, 53) . Our results indicate that FXR activation not only ameliorates tubular injury but also improves renal function by inducing the expression of antioxidant genes. These results suggest FXR as a potential target for future therapeutic approaches in obese patients with reduced renal mass secondary to kidney donation and possibly other forms of kidney impairment.
In conclusion, this study shows that lipid accumulation occurs in the kidney after exposure to a HFD, leading to increased ROS levels and associated glomerulosclerosis and tubulointerstitial fibrosis. These effects are accentuated by uninephrectomy. The bile acid receptor FXR exerts beneficial effects, because FXR activation reduces glomerular matrix expansion and interstitial fibrosis, lowers plasma FFA levels, and decreases lipid accumulation in the remaining kidney of UNX mice. Moreover, FXR activation prevents FFA-induced oxidative stress and ER stress by promoting antioxidant pathways and regulating glutathione metabolism, providing a likely explanation for the beneficial effects observed. 
